] aprotinin (BAY x 4620) or the specific bradykinin B 2 -receptor antagonist Hoe-140 on the hypotensive response to DXS. In the first study, anesthetized miniature pigs were given DXS alone, DXS plus BAY x 4620 in various doses, or saline. As expected, DXS alone produced a profound but transient systemic arterial hypotension with a concomitant reduction in kininogen. Circulating kinin levels, complement fragment des-Arg-C3a, and fibrin monomer were all increased. Treatment with BAY x 4620 produced a dose-dependent attenuation of these effects with complete blockade of the hypotension as well as the observed biochemical changes at the highest dose (360 mg). In a second study, two groups of pigs were given either DXS alone or DXS plus Hoe-140. DXS-induced hypotension was completely blocked by Hoe-140 pretreatment; however, kininogen was again depleted. We conclude, therefore, that DXS-induced hypotension is produced by activation of plasma kallikrein that results in the production of bradykinin and that liberation of bradykinin and its action on B 2 receptors in the vasculature are both necessary and sufficient to produce the observed effects on circulatory pressure. plasma kallikrein inhibitor; pigs; serine protease DEXTRAN SULFATE (DXS) is a negatively charged macromolecule that has been shown to activate prekallikrein (15). As such, it is one of a variety of compounds that are able to activate the contact phase of blood coagulation, a multifunctional system of proteases that controls vasoregulation (via the formation of the potent vasodilator bradykinin) and amplifies the humoral inflammatory response (via activation of the coagulation, fibrinolysis, and complement pathways) (2).
pathway (6) of the complement system. Interaction of plasma kallikrein, factor XIa, and factor XHa (3) also leads to activation of single-chain urokinase-type plasminogen activator and of a contact system-dependent plasminogen proactivator (1). In their activated form, these proteases convert plasminogen to plasmin and are considered to be the primary agents involved in intrinsic fibrinolysis. Finally, bradykinin and thrombin induce the release of tissue-type plasminogen activator from endothelial cells, thereby triggering extrinsic fibrinolysis.
Because the contact system combines the activation of the plasma cascade systems with the release of the hypotensive mediator bradykinin, the system has long been implicated in the pathophysiology of septic shock, disseminated intravascular coagulation, and multiple organ failure including adult respiratory distress syndrome (14, 17) . In addition, bacterial lipopolysaccharide has been shown to activate the contact system in vitro (18) , and in humans plasma kallikrein has been shown to be activated during endotoxemia (5). Finally, plasma kallikrein inhibitors such as aprotinin (22) or a^-antitrypsin Pittsburgh (4) can attenuate the effects of bacterial-or endotoxin-induced experimental shock.
In a previous investigation we found that infusion of DXS decreased the amount of uncleaved kininogen (kinin-containing kininogen) in pig plasma and reduced systemic arterial pressure. Blood pressure returned to normal only after kinin-containing kininogen had been depleted. Both the cleavage of kininogen and hypotension were attenuated or blocked by (^-esterase inhibitor and high doses of aprotinin (9), both of which inhibit plasma kallikrein, suggesting a role for bradykinin in this effect. In rabbits, however, DXS-induced arterial hypotension has been shown to be mediated via the release of serotonin from platelets (25) , which can be stimulated by thrombin, another mediator of the activated contact system.
The present investigation was conducted to clarify the mechanism of DXS-induced hypotension in pigs. It was our hypothesis that DXS-induced hypotension is primarily mediated by bradykinin and that other mediators such as serotonin, platelet-activating factor, and metabolites of arachidonic acid, if involved, are dependent on bradykinin. Two studies were performed, one with the plasma kallikrein inhibitor des-Pro 
DXS and BAY x 4620
Recombinant BAY x 4620 (7) was generously provided by P. Stadler, D. Hörlein, and F. Schumann (Bayer AG, Wuppertal, Germany). For these studies, the compound was dissolved in sterile physiological saline and infused intravenously. DXS, with a molecular mass of -500,000 Da (Pharmacia LKB, Uppsala, Sweden), was dissolved in 30 ml of sterile physiological saline 1 h before use and infused intravenously in a dose of 5 mg/kg for 1 h. The dose of DXS used in this study was based on previous experimentation (9). Animals were observed for 2 h from the start of the DXS infusion.
On the basis of preliminary pharmacokinetic experiments (data not shown), the entire dose administered was divided into a bolus dose (one-third of the total) injected 15 min before the start of the DXS infusion, followed by a continuous infusion over 135 min during which time the remaining two-thirds of the dose was delivered. The total dose of BAY x 4620 was varied from 45 to 360 mg. Three control groups, 1) DXS plus saline, 2) saline alone, and 3) high-dose BAY x 4620 (360 mg) alone, were also included in this study.
All animal procedures were approved by the Regierung von Oberbayern and complied with the Tierschutzgesetz in der Fassung of August 18,1986. The animals, 35 miniature pigs, were fasted overnight but had free access to water. Sedation was achieved by azaperone (3 mg/kg im) and metomidate (3.75 mg/ kg ip). After induction of anesthesia with pentobarbital sodium (24 mg/kg iv), a 6.5-mm orotracheal tube was placed and ventilation was maintained by use of a 900C ventilator (Siemens Elema AB). Vascular catheters (arterial and central venous, Swan-Ganz) and a short large-bore cannula in the external jugular vein were inserted through groin and neck incisions, respectively, for blood sampling. After the preparation, the animals rested for 1 h.
Blood pressure was recorded every 5 min with other physiological measurements [e.g., cardiac output (CO) and pulmonary arterial pressure (PAP)] being made every 30 min. Blood was collected for biochemical analysis and kinin extraction every 15 min.
Blood sampling and extraction for the kinin measurement was based on previously reported procedures (19, 21) . Briefly, a 10-ml plastic syringe was filled with 3 ml of 0.8 M HCl and cooled on ice. Through the large-bore cannula in the external jugular vein, 5 ml of blood were drawn into the syringe. Care was taken to achieve maximum aspiration speed by avoiding contact between the tip of the syringe and the vessel wall. During the aspiration the syringe was rotated for the rapid mixing of HCl and blood. The sample was then injected immediately into a second plastic syringe containing 2 ml of ice-cooled 0.8 N HCl, shaken vigorously, and placed on ice. The final pH of the sample was adjusted to 2.0 by the addition of 1.15 ml of a 2 N NaOH solution. After 3.68 g of NaCl were added to the sample, it was mixed in an ice-cooled kinematic inversion shaker (Turbola, Bachofen, Basel, Switzerland) for 10 min.
For the kinin extraction, 3 ml of n-butanol were added to each syringe, and the sample was mixed again for 4 min and then centrifuged for 4 min at 1,800 g. The butanol phase was separated into an ice-cooled test tube, and the process was repeated two more times with the centrifugation period extended to 6 and 8 min, respectively. The three butanol fractions were pooled, and the cellular debris and residual plasma proteins were discarded. For the removal of lipids and simultaneous reextraction of kinins into an aqueous medium, 1.5 ml of petroleum ether and 2 ml of distilled water were added to the butanol extracts, and the solution was mixed in the shaker for 10 min and then centrifuged at 800 g for 14 min. The aqueous phase was then transferred into Eppendorf tubes with a glass Pasteur pipette, frozen, and stored at -80°C for subsequent assay.
Plasma levels of uncleaved kininogen were measured by allowing trypsin to degrade any high-and low-molecular-mass kininogen contained in the sample, with subsequent measurement of the released kinin (22, 24) .
The assay of the kinin levels in the blood as well as the measurement of kinin produced from intact kininogen in the plasma (see above) utilized a double-antibody radioimmunoassay (21). The antikinin antibody was from K. Shimamoto (Sapporo, Japan). The second antibody, anti-rabbit globulin from the donkey, was purchased from IDS (Tyne and Wear, UK). The detection limit for kinin using this technique is 30 fmol/ml.
The anaphylatoxin C3a was measured as des-Arg-C3a, a stable and biologically inactive degradation product of C3a produced by carboxypeptidase B. A modified radioimmunoassay was used (22) based on a method described for human des-ArgC3a (12) with the antiserum against des-Arg-C3a raised in rabbits. des-Arg-C3a and antiserum against des-Arg-C3a were gifts from the late B. Damerau (Göttingen, Germany). The fibrin monomer in plasma was measured with an enzyme immunoassay based on a monoclonal antibody (23). This antibody binds to the NH 2 -terminal end of the a-chain of porcine fibrin. Thrombin cleavage of known amounts of fibrinogen was used to prepare the standard curve used in the assay.
DXS and Hoe-140
Six weaned domestic pigs with a body weight ranging from 26 to 34 kg were used in this study. Anesthesia, ventilation, and surgical procedure were the same as described above. 
Statistical Analysis
Unless otherwise noted, data are presented as means ± SE. The level of significance was chosen as a = 0.05.
The evaluation of the blood pressure changes produced by DXS had to take into account that administration of the lower doses of the inhibitor only delayed the time of onset of DXS-induced hypotension and that complete inhibition would occur only at higher doses. Therefore, for each individual experiment, we measured the time after the start of the DXS infusion at which the blood pressure had fallen to <60% of the baseline value. These data were analyzed with the Mantel-Haenszel test. The software program that was used (TEST, Institut fur Datenanalyse und Versuchsplanung, Gauting, Germany) simultaneously performed multiple Scheffé-like comparisons between the groups.
Furthermore, the distribution of the measurements of uncleaved kininogen was not normal and the baseline levels were not equal in all groups. Here, the time from start of the DXS infusion to a 50% decrease of the uncleaved kininogen level was PAP (Fig. 1) . PAP displayed a biphasic rise to 118 ± 11% at 10 min and 198 ± 13% at 55 min in response to the DXS infusion. Administration of BAY x 4620 delayed or attenuated only the second PAP increase, with the group receiving DXS + 360 mg of BAY x 4620 snowing an early rise to 120% of baseline value but no secondary peak. The groups were significantly different in the global test (mean value during DXS infusion, analysis of covariance, P = 0.0017), but multiple between-group comparisons did not reveal a significant difference between DXS + NaCl and DXS + 360 mg of BAY x 4620. All multiple tests over time were significant from 35 to 90 min.
Circulating kininogen (Fig. 1) . In the group DXS + NaCl, uncleaved kininogen in plasma decreased to 54 ± 19% at 15 min and to 21 ± 1% at 30 min and remained around 20 ± 1% of baseline value for the remainder of the study. This decrease in uncleaved kininogen was delayed by the simultaneous administration of BAY x 4620; in the group DXS + 180 mg of BAY x 4620, kininogen decreased to 30 ± 10% at 60 min. In the group with the highest dose of the inhibitor, DXS + 360 mg of BAY x 4620, and in the group without DXS, no decrease in kininogen was observed. The time to 50% kininogen decrease differed significantly between the groups (Mantel-Haenszel test, P < 0.001). The difference between DXS + NaCl and DXS + 360 mg of BAY x 4620 was statistically significant (multiple Scheffé-like comparisons, P < 0.02).
Free kinin (Fig. 1) . Kinin levels in blood as a function of time corresponded closely with the changes seen in MABP. BAY x 4620 produced a dose-dependant delay in the release of kinin with increasing doses while also progressively reducing the amplitude of kinin release. In the group with the highest inhibitor dose, DXS + 360 mg of BAY x 4620, only two of five animals had kinin levels above the detection limit, the highest being 47 fmol/ml. The group without DXS had no detectable kinin release. The global test as well as all multiple tests for repeated measurements during the infusion of DXS revealed a statistically significant difference between the groups (P < 0.002). The comparison between the groups DXS + NaCl and DXS + 360 mg of BAY x 4620 was significant (P < 0.02).
Complement activation (Fig. 1) . The plasma concentration of des-Arg-C3a rose to three times baseline value at 60 min in the group DXS + NaCl. All groups except the control group without DXS showed such an increase, with a peak at 60 min followed by a slow decline. The peak of des-Arg-C3a flattened when the dose of the inhibitor increased. Except for baseline measurements, at each time the difference between the groups was statistically significant, and the global test was significant (Hommel's multiple test, P < 0.05).
Fibrin monomer (Fig. 1) . Fibrin monomer in plasma increased steadily during the 2-h observation period, with peak levels of 39 ± 7 /ig/ml being reached at 2 h in the group DXS + NaCl. Except for the control group without DXS administration, all groups had an increase in fibrin monomer that showed a dose-dependent reduction based on the amount of inhibitor. The difference between the groups was statistically significant at each time and in the global test (P < 0.05). It must be noted, however, that at the baseline value there was a marginal difference between the groups (P = 0.051). -140 (Fig. 2) The control animals in this study experienced severe arterial hypotension similar to that seen in Fig. 1A . DXS (2 mg/kg) induced a rapid decline in MABP that reached a nadir of 51 ± 8% of baseline value at 25 min. MABP returned to baseline values at 40 min. In the Hoe-140-treated group MABP remained completely stable. These groups were significantly different (P < 0.05).
DXS and Hoe
The arterial hypotension of the control animals was paralleled by a decrease in SVR. SVR decreased to 40 ± 6% at 25 min and was restored to baseline levels at 40 min. The Hoe-140-treated group did not experience this vasodilation, with the difference being statistically significant (P < 0.05).
Hypotension and vasodilation were accompanied by rises in cardiac output and heart rate (HR). In the control animals, CO rose to 134 ± 25% at 25 min and returned to baseline values at 40 min, and HR rose to 150 ± 40% at 25 min and returned to baseline values at 45 min. Both effects appeared to be prevented in the Hoe-140-treated group, but the differences were not statistically significant.
Uncleaved kininogen decreased to 18% with no apparent difference between the groups, whereas total protein remained stable in both groups.
DISCUSSION
The principal finding in this study was that both BAY x 4620, a plasma kallikrein inhibitor, and Hoe-140, a bradykinin B 2 -receptor antagonist, prevented DXS-induced hypotension in pigs.
DXS infusion produced all the effects that would be predicted, assuming that it is an activator of the contact system. At 15 min, very high kinin concentrations in blood were found, which closely correlated with a brisk decrease in arterial blood pressure. Uncleaved kininogen decreased and reached a steady-state level at 30 min, whereas anaphylatoxin C3a increased, reaching a peak at 60 min. Fibrin monomer also increased continuously during the observation period. These data corroborate our assumption that activation of the contact system had taken place as a consequence of the infusion of DXS.
DXS infusion also produced alterations in lung function, particularly a transient increase in mean PAP. Other parameters of lung function, such as extravascular lung water and airway pressure, however, showed only minor changes (data not shown). One possible explanation for the increase in PAP is the activation of thrombin because thrombin is a potent pulmonary vasoconstrictor (11). However, our data do not rule out other causes of the PAP rise.
Administration of BAY x 4620 before and during DXS infusion delayed or attenuated the DXS-induced changes, with the highest dose producing a complete blockade of the DXS-induced changes measured in this system.
Compared with natural aprotinin from bovine lungs, BAY x 4620, the mutant that was employed in our study, is a relatively potent and selective plasma kallikrein inhibitor with an inhibitor constant for human plasma kallikrein roughly 100-fold lower than that of natural aprotinin. The inhibitor constants of BAY x 4620 for human plasma kallikrein and human plasmin are 5 X 10" 10 and 2 X 10~1 0 M, respectively, whereas the corresponding values of wild-type aprotinin are 3 X 10" 8 and 8 X 10" 11 M (W. Schröder, Bayer AG Pharmaceutical Research, Wuppertal, Germany, personal communication).
In this regard, it is important to note that plasma levels of BAY x 4620 were in the range of 1.5 when a complete blockade of DXS-induced changes was achieved (data not shown). In previous experiments, a complete blockade of DXS-induced hypotension was only achieved with plasma concentrations of wild-type aprotinin -12.5 pM (9). This indicates that BAY x 4620 is also a far better inhibitor of plasma kallikrein than natural aprotinin when used in vivo. As a result, this compound may be useful as a probe to investigate pathological conditions, such as hypotension and bleeding during extracorporeal circulation and hemodialysis and hereditary angioedema, that are based on activation of the contact system.
The parallels between in vitro and in vivo potencies of the two inhibitors aprotinin and BAY x 4620 support the notion that DXS-induced hypotension was mediated by bradykinin, a peptide that is released after the specific cleavage of high-molecular-weight kininogen by plasma kallikrein.
Bradykinin is one of the most potent hypotensive agents yet described. The finding that the effect of DXS infusion, namely hypotension, elevated kinin levels in the blood and that the decrease of the precursor of bradykinin, uncleaved kininogen, was prevented by the plasma kallikrein inhibitor BAY x 4620 gives support to the notion that the decrease in blood pressure was mediated by the release of bradykinin. However, other vasoactive mediators such as prostacyclin, platelet-activating factor, or serotonin can be released either directly by DXS or indirectly via thrombin or bradykinin and could also be responsible for all or part of the response. We therefore wanted to determine whether the blockade of bradykinin B 2 receptors alone would prevent DXS-induced hypotension.
In the second part of this study, we studied the effect of the B 2 -receptor antagonist Hoe-140 on DXS-induced hypotension. In this study, DXS infusion also led transiently to severe arterial hypotension that was accompanied by vasodilation and increases in HR and CO in the control animals, whereas Hoe-140 completely blocked these effects in the treated group. However, serial measurements of uncleaved kininogen demonstrate that effective activation of the contact system had taken place equally in both groups. Total protein measurements were unchanged in both groups, making specific cleavage the likely cause for the decrease in kininogen. The relatively small sample size in this study was selected on the basis of pilot experiments that indicated that the actual dose of Hoe-140 used in this study would completely block bradykinin-induced hypotension. The finding that the bradykinin receptor blockade with Hoe-140 completely abolished DXS-induced hypotension once more points to bradykinin as the primary causative mediator.
In summary, we have shown that DXS infusion in pigs produces activation of the contact system of blood coagulation with the following consequences: the appearance of high kinin levels in blood; a decrease in uncleaved kininogen in plasma; severe transient arterial hypotension accompanied by vasodilation and a compensatory rise in CO and HR; and activation of the coagulation, complement, and fibrinolysis cascades. Both the plasma kallikrein inhibitor BAY x 4620 and the bradykinin B 2 receptor antagonist Hoe-140 were able to block DXSinduced hypotension. Only the former compound prevented the decrease of uncleaved kininogen, whereas the latter compound prevented hypotension during ongoing kininogen cleavage. We conclude that DXS infusion led to the release of bradykinin from kininogen via activation of the contact system and led to arterial hypotension via stimulation of the B 2 kinin receptor.
